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Abstract  Portable, water filled road safety barriers are used to provide protection and 2 
reduce the potential hazard due to errant vehicles in areas where the road conditions change 3 
frequently (e.g. near road work sites). As part of an effort to reduce excessive working 4 
widths typical of these systems, a study was conducted to assess the effectiveness of 5 
introducing polymeric foam filled panels into the design. Surrogate impact tests of a design 6 
typical of such as barrier system were conducted utilising a pneumatically powered 7 
horizontal impact testing machine up to impact energies of 7.40 kJ. Results of these tests are 8 
utilised to examine the barrier behaviour, in addition to being used to validate a couple 9 
FE/SPH model of the barrier system. Once validated, the FE/SPH model it utilised as the 10 
basis for a parametric study into the efficacy and effects of the inclusion of polymeric foam 11 
filled panels on the performance of portable water filled road safety barriers. It was found 12 
that extruded polystyrene foam functioned well, with a greater thickness of the foam panel 13 
significantly reducing the impacting body velocity as the barrier began to translate.  14 
Keywords  Surrogate impact testing · Road safety barriers · Water filled barriers · Coupled 15 
analysis · Polymeric foams · Finite element analysis · Smooth particle hydrodynamics 16 
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1. Introduction 18 
Temporary road safety barriers are commonly used around road work zone where there 19 
is an increased need for protection for all road users. The assessment and evaluation of the 20 
impact capacity and performance characteristics of these portable barriers in impact 21 
scenarios is vitally important in informing the design and use of these systems. In addition to 22 
the physical characteristics of a barrier, it is also necessary to quantify the performance 23 
characteristics of a barrier system as well, with the relevant international standards providing 24 
a number of evaluation criteria which are used to assess a system’s effectiveness [1] [2]. The 25 
full-scale vehicular testing programs prescribed in these standards, which are used as the 26 
basis of road safety barrier evaluation, have been very successful in determining the 27 
performance of these systems, with the recent update to the relevant document in the United 28 
States [3] featuring larger mass test vehicles and stricter evaluation criteria and reporting 29 
conditions.  30 
While full-scale testing is very effective in assessing the performance of road safety 31 
barrier systems, the significant costs associated with properly conducting such tests prevents 32 
this testing from being suitable in the early stages of barrier system’s development [4]. 33 
Surrogate experimental testing, where the system is examined by a surrogate body in a 34 
repeatable impact scenario, are occasionally used to comparatively evaluate the road safety 35 
barrier systems. In addition, surrogate testing systems are able to produce the data required to 36 
validate developmentally efficient computational models, while minimising the financial and 37 
time costs associated with full scale testing. Pendulum-based surrogate testing systems have 38 
been used in assessing fixed and rigid road safety structures [5] [6], with bogie-based 39 
systems also successfully used in the evaluation of a number of devices [7]. Analytical 40 
models of vehicular impacts into road safety barriers have to been shown to predict with 41 
reasonable accuracy crush depths and peak impact loads [8], however their scope is limited 42 
to impacts with rigid, concrete safety barriers.  43 
It the past two decades, the computational modelling of road safety devices has been 44 
shown to be an effective and efficient way of studying the impact response of these system. 45 
In particular, explicit finite element (FE) based modelling techniques have widely been used 46 
in representing the impact behaviour of a number of road safety barriers, including fixed 47 
concrete barriers [9], traffic light poles [10] wire rope safety barriers [11], guardrails [12] and 48 
portable concrete barriers [13]. The current paradigm of model validation via full-scale 49 
experimental impact testing ensures that costs associated with producing a functional, 50 
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validated model of a road safety barrier system may be prohibitively high for new barrier 51 
systems. Analysis – either experimental or computational – of portable, water-filled road 52 
safety barriers (PWFB) has been relatively sparse in comparison to other types of road safety 53 
barriers, though there use is relatively widespread [14]. 54 
The paper reports on the development of a couple FE and smooth particle hydrodynamic 55 
(SPH) model of a typical portable, water-filled road safety barrier utilising a pneumatically 56 
driven surrogate horizontal impact testing system in order to provide experimental impact 57 
data which is used to assess the validity of the coupled model, as well as assisting in the 58 
characterisation of the PWFB impact behaviour. The function and response of the 59 
experimental surrogate impact testing system is reported on, with the experimental tests also 60 
assessing the effect of externally mounted polymeric foam filled panels on the impact 61 
performance of the barrier. The construction of the coupled FE/SPH model is detailed, in 62 
particular the development of accurate material models for the constitute parts of the barrier 63 
is described. The validated computational model is subsequently utilised to explore the 64 
effects and efficacy of the inclusion of polymeric foams in a portable water-filled road safety 65 
barrier during impact. 66 
2. Experimental Impact Testing 67 
2.1. Horizontal Impact System 68 
The horizontal impact testing system consists of three major mechanical sub-systems 69 
(i.e. the impact cart, the propulsion system and the fixed frame), in addition to the control 70 
and data acquisition systems. The system has been design to be able to examine the impact 71 
response of a wide range of structures and provides the capability to examine a range of 72 
impact scenarios (e.g. variable impact mass, velocity and impacting geometric and boundary 73 
conditions).  74 
The testing system was installed at the Banyo Project Pilot Plant Facility of the Institute 75 
of Future Environments, part of the Queensland University of Technology. The frame of the 76 
rig is fixed a reinforced strong floor via two M48 bolts which clamp the steel channel 77 
sections of the frame to the floor (Part D of Fig. 2).  78 
The impacting body of the testing system is the impact cart, which travels horizontally 79 
along two fixed guiderails, restricting the motion of the cart to a single, translational degree 80 
of freedom (Part A of Fig. 2). The target-end of the cart was fitted with a tube section, 81 
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constructed from Schedule 40 NPS 10 steel pipe, 1180 mm wide and 273 mm in diameter 82 
(Fig. 1). The impacting head can be exchanged for a different design, as required by the 83 
demands of the testing. 84 
The height of impact can be varied, with an impact height of 585 mm used in the testing 85 
described in this paper. The total mass of the impact cart can be varied using a set of masses 86 
secured just rearward of the impact end of the cart (Fig. 1), with a minimum mass of 105 kg 87 
and a mass of 300 kg used in the experiments of this paper. 88 
  89 
Fig. 1 The interchangeable impact head used in the experimental testing 90 
The impact cart is propelled along the guiderails by the expansion of a set of rubber air 91 
bellows, which are mounted to the fixed frame of the testing rig .The air bellows are mounted 92 
to, and form part of, a pressure vessel (Part B of Fig. 2) which is filled with compressed air to 93 
a predetermined level based upon the required impact energy for a given test. The expansion 94 
of the air bellows, and hence acceleration of the impact cart, is restrained by a pneumatically 95 
actuated, quick release mechanism (Part C of Fig. 2). The firing of the quick release 96 
mechanism, along with the operation of pneumatic control valves used in the filling of the 97 
pressure vessel, safety systems and data acquisition, is managed by a LabView program 98 
which runs on a dedicated, remote PC.  99 
  100 
Fig. 2  Overview of the horizontal impact testing system, featuring the impact cart, 101 
pressure vessel and expanding bellows, the quick release mechanism and the fixed frame 102 
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The testing system featured a number of systems to ensure the integrity of the impact 103 
system’s structure during an impact test. The pneumatic fill process for the pressure vessel is 104 
controlled by a system of pneumatic valves, which were designed to evacuate in an over-105 
pressure (e.g. pressure above 8.00 bar) or power loss events, with the pneumatic lines 106 
regulated to a maximum gauge pressure of 7.00 bar. In the case of the impact cart not being 107 
fully arrested during a test, the system features an aluminium crush tube device, which will 108 
absorb the vehicles remaining kinetic energy once the cart has travelled 555 mm relative to 109 
the expansion of the rubber air bellows. The crush tube was design such that it would be able 110 
to absorb the maximum rated kinetic energy of the system and that the walls of the tube 111 
would fail in the sequential concertina mode shape [15]. Another important safety feature of 112 
the rig was the exhausting of the compressed air post-firing, which was throttled so that a 113 
secondary impact between the impact cart and the air bellow would be dampened, reducing 114 
any shock induced by the collision. Lastly, a number of proximity sensors were installed on 115 
the rig as part of the safety system to ensure that the system was properly mechanically setup 116 
before the system could be energised.  117 
For the surrogate testing described in this paper, the impact performance of the portable 118 
road safety barrier is described in terms of the post-impact kinematics of the impact cart. The 119 
kinematics of the impact cart were determined via three separate instrumentation methods.  120 
A proximity probe mounted to the fixed frame of the system was used in conjunction 121 
with a toothed rail attached to the cart. This setup was used to give a digital measure of the 122 
relative displacement of the cart, with the spacing of the teeth on the rail giving an effective 123 
output resolution of 5 mm.  124 
A string potentiometer (Firstmark Controls model 62-55-8442) was mounted to the fixed 125 
frame, with the free end of the wire string attached to the rear end of the cart. The string 126 
potentiometer was installed such that the deceleration of the cart during an impact would 127 
manifest as a tensile pulse in the wire, rather than as a compressive wave which may have 128 
negatively affected the accuracy of the output. This setup produced an accurate analogue 129 
output of the cart’s absolute displacement, though a noticeable amount of noise was observed 130 
in the instantaneous signal (i.e. variation in the order of ±1.0 mm).  131 
A 100 G rated single axis accelerometer (Silicon Designs 2260-100) was mounted on the 132 
front end of the cart to record a time-history of the cart’s acceleration. The mounting location 133 
and method of the 100 G accelerometer was chosen in order to reduce any noise in the 134 
accelerometer’s output associated with the vibration of the impact cart’s steel frame (where 135 
G is the acceleration due to Earth’s standard gravity); however noise was still observed in the 136 
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accelerometer’s signal. An additional single axis, 25 G accelerometer was mounted to each 137 
of the barrier test specimens, the data from which was used to determine the time of initial 138 
contact between the barrier and the impact head.  139 
All of the instrumentation channels, along with an analogue channel measuring the 140 
gauge pressure within the pressure vessel, were logged on to the remote PC using a National 141 
Instruments cDAQ system, with each channel logged at 50 kHz. 142 
The data from each of the three instrument channels was individually processed to 143 
determine the cart’s velocity and displacement time history. These results were compared in 144 
order to ensure correlation of the results and accuracy of the measurement. It was found that 145 
it was necessary to apply a moving average filter to the raw outputs of both the accelerometer 146 
and string potentiometer in order to achieve reasonable correlation, in the form of: 147 
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 where f(t) is the filtered history at time t, g(t) is the unfiltered history at time t and ∆t is 150 
the length of the filtering window. A ∆t value of 100 ms was found to be the largest filtering 151 
that would result in an accurate correlation between the velocities calculated from all 152 
instrumentation channels. 153 
In addition to the primary channels of measuring the impact cart’s kinematics, a high 154 
frame rate camera was also used to provide reference footage of each test for the researchers. 155 
In addition to the instrumentation listed here, additional instrumentation can be integrated 156 
with the system, with specific accommodations made within the DAQ system for laser 157 
displacement sensors and load cells for future experimental impact testing of various 158 
structures and systems. 159 
2.2. Portable Barrier Specimens 160 
The portable road safety barrier examined in the experimental impact testing was based 161 
around the Centurion Zone Barrier, which is a channelising device consisting of a low 162 
density polyethylene (LDPE) shell (Fig. 3). The LDPE shell had overall dimensions of 2000 163 
x 890 x 560 mm, with an average wall thickness of 2.8 mm, a mass of 27.90 kg and a 164 
maximum internal volumetric capacity of 620 litres and manufactured by rotational 165 
moulding.  166 
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 167 
Fig. 3  The PWFB with PU foam filled panels externally mounted  168 
The internal steel frame, manufactured from low-carbon alloy steel (AISI 1015), 169 
consisted of equal-angle members with an arm length of 38 mm and flat members 25 mm 170 
wide. The frame was designed to be accommodated with the LDPE shell, with two box 171 
sections joined together in the mid-section with equal-angle members (Fig. 4). The frame 172 
was located within the LDPE shell by a series of threaded steel rod sections, welded to the 173 
frame and rotational moulded into the LDPE shell.  174 
Three polymeric foam filled panels (overall dimensions 700 x 470 x 50 mm) could be 175 
externally mounted on the main impact face of the barrier and located using bolts securing 176 
the panels to the internal steel frame. The panels consisted of an exterior LDPE shell (3.5 177 
mm thick) which was filled with expanded polyurethane (PU) foam. The density of the PU 178 
foam was measured as 36 kg/m3 and the mass of each panel was 2.60 kg. 179 
With a volumetric capacity of 620 litres, the barrier features a porthole on the top, flat 180 
surface for filling the barrier and plug hole with threaded cap for emptying the LDPE shell. 181 
For Test S-3, a 475 kg mass of water ballast was added to the barrier. The amount of water 182 
was chosen as it was consistent of the fill percentage and ballast per length of in-use barriers 183 
[16]. 184 
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 185 
Fig. 4  A CAD image of the internal steel frame as it is mounted inside the transparent 186 
LDPE shell 187 
The testing was conducted in a manner to provide data which could be used to examine 188 
the additive effects of each of the individual components on the barrier’s impact response. As 189 
such the testing schedule consisted of four separate experimental tests, as detailed in Table 1. 190 
It is noted that the impact velocity for Test S-1 is moderately lower than that of the other 191 
tests; this velocity was chosen as the barrier specimen of Test S-1 was unable to provide the 192 
requisite reaction force required to safely slow the impact at higher velocities. It was deemed 193 
that impact between the impact head and the supporting lintel at higher velocities could pose 194 
an unacceptable risk to the integrity of the impactor.  195 
The experimental testing schedule was constructed such that each test would fully 196 
examine the capacity of the barrier specimen to absorb the impact cart’s kinetic energy.  197 
 Table 1  Details of portable road barrier testing specimens 
Barrier specification Impact 
velocity 
Specimen 
mass 
Test LDPE 
outer shell 
Internal 
steel frame 
Water 
ballast 
Foam 
panel (m/s) (kg) 
S-1 ✔    6.234 27.90 
S-2 ✔ ✔   6.915 46.62 
S-3 ✔ ✔ ✔  6.974 521.80 
S-4 ✔ ✔ ✔ ✔ 7.024 530.20 
 198 
Through comparison of the resulting contact force time histories, the effects of the 199 
individual components on the barriers’ impact behaviour could be examined.  200 
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2.3. Experimental Environment 201 
The experimental impact testing environment was designed such that the structural 202 
characteristics of the portable barrier would dominate the impact response of the system, as 203 
opposed to the inertial properties of the barrier dominating. As such it was necessary for the 204 
full body displacement of the barrier to be restricted. 205 
Two I-beam columns made of structural steel were installed onto the strong floor, 206 
between which a structural lintel was installed such that a flat surface of the lintel was 207 
parallel with the main angled face of the barrier. The lintel, which was supported in place by 208 
four steel brackets attached to the columns and functioned as a rigid support during the 209 
impact tests, had a contact face the length of the barrier and 265 mm deep. 210 
The barrier specimen was installed flat against the supporting lintel with the centre line 211 
of the barrier being in line with the centre line of the impact head. The barrier’s contact with 212 
the concrete floor was also characterised, with the static and kinetic coefficients of friction 213 
experimentally determined to be 0.309 and 0.269, respectively.  214 
During the commissioning of the system, it was demonstrated that the impact testing 215 
system had the capacity to safely deliver impact energies up to 10.4 kJ (i.e. an impact mass 216 
of 300 kg and a velocity of 8.34 m/s), while still producing accurate results. The impact 217 
energies used for the experimental impact tests were chosen primarily in accordance with the 218 
capacity of the barrier to absorb the energy, in addition to safety and structural concerns 219 
associated with higher impact energies. For comparison, the test vehicle of test 2-10 of 220 
NCHRP Report 350 has 155 kJ kinetic energy, 18.1 kJ of which is associated with the 221 
vehicle’s velocity in the lateral (i.e. perpendicular) direction, and is distributed across the 222 
multiple barriers during an impact. 223 
3. Results and Discussion 224 
3.1. Impact Cart Kinematics 225 
The time histories of the impact cart’s velocity and displacement during Test S-1 can be 226 
seen in Fig. 7. In this instance there are two primary measures of the impact cart’s 227 
kinematics. It can be seen that there is very good correlation between the two channels up to 228 
0.18 seconds, or 0.05 seconds after initial contact, with the results subsequently diverging. 229 
The principal cause of this discrepancy is that the raw acceleration experienced by the cart 230 
mounted accelerometer exceeded the capacity of device. This can be seen in Fig. 5 where 231 
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between times 0.185 and 0.215 seconds the unfiltered acceleration data is seen to fluctuate 232 
between its peak values, indicating that the capacity of the accelerometer had been exceeded 233 
and that the signal had clipped. 234 
 235 
Fig. 5  Raw and filtered acceleration plot of the impact cart for Test S-1 236 
As such, the filtered acceleration data is not fully representative of the acceleration 237 
experienced by the cart in the period where clipping occurs in the unfiltered time history. The 238 
velocity calculated from the filtered acceleration data (Fig. 5) is thus erroneous from 0.185 239 
seconds onwards.   240 
 241 
Fig. 6  Frame from high speed footage of Test S-1 corresponding to time 0.185 seconds 242 
of Fig. 5 243 
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Examination of the high speed reference footage recorded during Test S-1 (Fig. 6) show 244 
that the excessive deceleration of the cart coincides with a relatively rigid contact between 245 
the impact head and the supporting steel lintel.  246 
During the impact of Test S-1, the LDPE shell provides very little reaction force, leading 247 
to relatively low values of deceleration of the impact head. The impact head fractures a large 248 
surface of the LDPE shell, such that the impact cart has a relatively high velocity when the 249 
head comes into contact with the supporting steel lintel. This results in a very high contact 250 
force exerted on the impact high and thus a high rate of deceleration of the cart. This 251 
relatively high deceleration, in combination with vibrations in the frame of the impact cart, 252 
leads directly to the accelerometer experiencing higher instantaneous acceleration than its 253 
rated capacity, causing the signal to clip. 254 
   255 
Fig. 7  Velocity and displacement time histories of the impact cart for Test S-1 256 
calculated from filtered string potentiometer and accelerometer outputs 257 
The experimentally calculated velocities of Test S-1 show good correlation save for the 258 
post-impact difference due to the aforementioned clipping of the accelerometer data (Fig. 7). 259 
The correlation between the two calculated velocities and displacements for Test S-2 is 260 
found to be greatly improved over Test S-1 (Fig. 8). There are small instantaneous spike, in 261 
the potentiometer determined velocity profile during the cart’s acceleration phase, however 262 
very good correlation is found after the initial contact occurs. 263 
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   264 
Fig. 8  Velocity and displacement time histories of the impact cart for Test S-2 265 
calculated from filtered string potentiometer and accelerometer outputs 266 
The impact duration td of Test S-2 is relatively high compared to Test S-1, with Test S-1 267 
having a td value of 0.069 seconds compared to the td of Test S-2 with 0.118 seconds. The 268 
small td value for Test S-1 is due to the stiff contact between the impact head and the 269 
supporting lintel, which did not occur in Test S-2 owing to the support of the internal steel 270 
frame.  271 
Table 2  Comparison of initial and final impact energies and 
impact durations. 
Test 
Initial cart 
kinetic 
energy (kJ) 
Final cart 
kinetic 
energy (kJ) 
Cart post-
impact kinetic 
energy (%) 
Impact 
duration 
(seconds) 
S-1 5.83 0.152 2.61% 0.069 
S-2 7.17 0.654 9.12% 0.118 
S-3 7.30 0.452 6.20% 0.126 
S-4 7.40 0.311 4.20% 0.132 
 272 
As with the values of td, the cart’s post-impact kinetic energy is much greater in Test S-2 273 
when compared as a percentage of the initial kinetic energy with Test S-1 (Table 2). The 274 
kinetic energy in Test S-1 is primarily dissipated through plastic deformation and fracturing 275 
of the LDPE shell, out of plane vibrations in the impact cart and a small amount of 276 
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permanent deformation of the impact head due to the stiff contact between the impact head 277 
and the supporting lintel.  278 
Inspection of the post-impact barrier specimen of test S-2 showed that the flat, central 279 
transverse members of the internal steel frame had buckled, allowing for steel member of 280 
opposite sides of the frame to come into contact with each other (Fig. 9). Some minor 281 
shearing of the welds was observed, along with the plastic deformation of the two central 282 
vertical members. All other members of the internal steel frame had only minor plastic 283 
deformation, with the vast majority of the displacement of the frame occurring due to the 284 
plastic deformation, and resulting deformation, within the central section.   285 
 286 
Fig. 9  Buckling of the flat, transverse internal steel frame members, and intra-member 287 
contact in Test S-2 288 
With the highest impact energy of the four tests, excellent correlation is found in the 289 
cart’s velocity between all three instrumentation methods for Tests S-3 and S-4 during the 290 
acceleration period (Fig. 10 and Fig. 11). Here the proximity probe is seen to produce a 291 
regular, digital plot of the velocity, though its correlation is disrupted slightly during the cart 292 
deceleration phase.  293 
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   294 
Fig. 10  Velocity and displacement time histories of the impact cart for Test S-3 295 
calculated from filtered string potentiometer and accelerometer outputs 296 
 297 
Fig. 11  Velocity and displacement time histories of the impact cart for Test S-4 298 
calculated from filtered string potentiometer and accelerometer outputs 299 
The barrier specimen in Test S-3 featured 475.2 kg of water ballast within the LDPE 300 
shell. This water ballast significantly altered the impact behaviour of the barrier. The td 301 
values of Tests S-3 and S-4 (0.128 and 0.132 seconds, respectively) are not largely different 302 
from that of Test S-2 (Table 2), demonstrating the importance of the internal steel frame in 303 
determining the barrier’s impact response. Within the three tests with water filled barriers, 304 
the barrier with the PU foam filled panels (Test S-4) is found to absorb the largest percentage 305 
of the cart’s kinetic energy, giving an initial suggestion of the foam’s potential efficacy. 306 
3.2. PWFB Impact Behaviour 307 
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The impact force acting upon the impact head was calculated using the filtered 308 
acceleration time history of the cart using Newton’s Second Law of motion. This calculation 309 
is based upon the assumption that the impact head acts as a rigid body during the impact 310 
tests, a behaviour which was observed in all the experimental tests conducted. 311 
 312 
Fig. 12  Calculated contact forces acting upon the impact head for all three impact tests 313 
There is a clearly distinguishable form to the contact force time history of Test S-1 in 314 
comparison to tests with water-filled barrier specimens (Fig. 12). The high maximum peak 315 
force for Test S-1 (130.9 kN) is associated with the very stiff contact between the impact 316 
head and the supporting lintel. Owing to the aforementioned loss of fidelity of the filtered 317 
acceleration history of Test S-1 due to the clipping of the raw data, the calculated impulse 318 
between times 0.05 and 0.07 seconds of Test S-1 shown in Fig. 5 is likely to under represent 319 
the actual impact force. The linear slope of the increasing impact force during the initial 0.05 320 
seconds is associated with the simple bending and deformation of the LDPE shell. 321 
The impact force plot for Test S-2 features two distinct local maxima; the first occurring 322 
at 0.010 seconds with a value of 27.8 kN and the overall peak value of 90.9 kN occurring at 323 
0.052 seconds. The initial peak it related to the buckling of the flat transverse members (Fig. 324 
9). As both the upper and lower central members buckle, the force required to further deform 325 
the frame and the barrier is reduced until the opposite sides of the frame come into contact, 326 
starting at 0.03 seconds.  327 
The plot of the impact force for Test S-3 in Fig. 12 has a similar form to that of Test S-2, 328 
with the two local maxima occurring at similar times to those found in Test S-2. The initial 329 
peak is increased in Test S-3 (indicative of the additional work required to displace the mass 330 
of the water ballast), with the contact force succeeding the first peak being much flatter and 331 
-20
0
20
40
60
80
100
120
140
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Im
p
a
ct
 f
o
rc
e
 (
k
N
)
Time(seconds)
Test S-1 Test S-2
Test S-3 Test S-4
16 
 
consistent. The effects of the water ballast are evident in requiring a greater load to deform 332 
the barrier beyond the initial buckling associated peak, with majority of the carts kinetic 333 
energy absorbed before the self-contact of the steel frame occurs.  334 
With the foam panels introduced in Test S-4, the impact force plot still exhibits two local 335 
maxima, thought first (42.0 kN) maximum exceeds the second (35.1 kN). The time from 336 
impact until the first maximum (0.023 seconds) is also delayed in comparison in Tests S-2 337 
and S-3; indicative of the increased time required to buckle the lateral elements of the steel 338 
frame.  339 
4. Coupled FE/SPH model development 340 
The conception of a suitable coupled FE/SPH model of the PWFB system was broken 341 
down in the development of the models of the four major components; the LDPE shell, the 342 
internal steel frame, water ballast and foam-filled panels. During development preference 343 
was given to numerical stability, accuracy of material models and flexibility of model usage. 344 
Upon their development, the models were validated against the results of the surrogate, 345 
experimental impact tests described in the previous section. The computational model of the 346 
PWFB was developed to for use on the LS-DYNA explicit solver. 347 
4.1. LDPE outer shell FE model 348 
For the LDPE outer shell, it was particularly important to develop an accurate and stable 349 
material model of the LDPE. While the mechanical properties and tensile behaviours of 350 
simple thermoplastics, such as LDPE, are relatively well understood, the choice of the 351 
constitutive material formulation is not necessarily a straightforward decision. For this 352 
particular application, the material model used to represent the LDPE was required to be able 353 
to accurately represent the rate-dependency of the failure strain, the non-linear elastic tensile 354 
behaviour and the strain-rate dependence of the stress-strain response of LDPE. Many 355 
material formulations have been used to model the impact behaviour of LDPE including 356 
piecewise-plasticity models [17], a semi-analytical model [18] and a combination 357 
hyperelastic-viscoplastic constitutive model [19], however an arbitrary elasto-plastic polymer 358 
formulation (MAT_89 of LS-DYNA) was utilised to model the LDPE as it was able to 359 
represent the aforementioned important behaviours of the material. 360 
The polymer plasticity formulation features an arbitrary tabulation of a quasi-static true 361 
stress versus strain response of the polymer in tension. Rate hardening of the material is 362 
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represented by an experimentally determined plot of strain rate against ultimate stress, with 363 
the transition from elastic to plastic deformation occurring when the slope of the user defined 364 
stress-strain profile is found to be less than the nominated elastic modulus, allowing for the 365 
representation of a non-linear, initial elastic region. After plasticity is observed via the elastic 366 
modulus comparison, deformation is defined by the aforementioned user-defined plot of true 367 
stress-strain with isotropic hardening rules observed. The transition from ductile to brittle 368 
failure of the LDPE can also be empirically represented in the model via the definition of an 369 
arbitrary table defining the true strain at failure as a function of the true strain rate. In order 370 
to accurately define the numeric inputs of the material model, it was necessary to conduct a 371 
schedule of tensile tests, using ASTM D368 [20] as the basis for test and tensile coupon 372 
specimen design.  373 
 374 
Fig. 13  The calculated true stress-true strain plots for the LDPE at various extension 375 
rates, with the non-representative post-localisation result shown in the dashed-line 376 
Using an Instron 5567 universal testing machine, the tensile testing was conducted in 377 
accordance with the method presented by Lobo [21], at constant cross velocities of 20, 200 378 
and 500 mm/min. The material show significant rate-hardening and a dramatic transition 379 
from ductile to brittle failure across this range (Fig 13). While the post-localisation behaviour 380 
– the onset of which was identified as the true strain at peak force –is nominally represented 381 
in Fig 13 (dashed lines), these results are not indicative of actual stress-strain behaviour and 382 
were not utilised in the development of the material model.  383 
Further tensile tests were conducted to determine the elastic-plastic transition point of 384 
the LDPE, using the process as set out by Lobo and Hurtado [22]. With the stress-strain 385 
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profile of the material determine, the material model was developed using the 386 
aforementioned arbitrary elasto-plastic formulation. For the sake of numerical stability, the 387 
post-localisation behaviour of the LDPE was represented by pure plasticity after the ultimate 388 
tensile load, adapted from the method described by Kolling and Haufe [18]. The values for 389 
the arbitrary plot of failure strain versus strain rate were evaluated by observing the strain 390 
and strain rate of the FE model at the failure displacements observed in the experimental 391 
tensile tests. This limits the rate-dependency of failure in the LDPE model to the rates 392 
observed, though the dependency that is represented in model is a vast improvement over a 393 
fixed, conservative failure stain [18]. 394 
Using a single integration point shell element formulation, a FE simulation of the tensile 395 
testing showed good correlation with the experimental tests (Fig. 14), with the strain 396 
softening not being represented as previously described. 397 
 398 
Fig. 14  Comparison of the experimental LDPE tensile results and the FEM simulated 399 
results 400 
Physical measurements of the dimensions of the LDPE shell were taken from a 401 
specimen of the PWFB. With the FE mesh developed in the ANSYS Workbench suite, the 402 
FE model of the LDPE shell was constructed as a quadrilateral shell element dominated 403 
mesh, with a small portion of triangular elements. The under-integrated Belytschko-Tsay 404 
shell element formulation and stiffness based hourglass mode shape control was 405 
implemented (along with element sorting for the triangular elements), with a convergence 406 
study conducted to determine the appropriate average element size (20 mm). The 407 
convergence study consisted of establishing a simulation where the LDPE shell was 408 
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impacted into by a rigid body with a kinetic energy of 10 kJ into a rigid wall. An algorithm 409 
representing self-contact within the LDPE shell model was also established.  410 
4.2. Internal steel frame FE model 411 
In contrast to LDPE, low-carbon steels have frequently been modelled in FE simulations 412 
for use in may impact studies, with its mechanical properties well understood The piecewise 413 
linear plasticity material formulation featuring the Cowper-Symonds model of strain rate 414 
sensitivity has been shown to provide a platform for accurately and efficiently describing the 415 
behaviour of steel at moderate strain rates (i.e. up to 20/s) [23] [24], and thus was chosen for 416 
use to model the AISI steel.  417 
As the material properties and mechanical behaviour of the AISI 1015 are thoroughly 418 
detailed, the material properties of the steel for use in the material model could be taken from 419 
available literature sources. The material’s density and elastic modulus were taken from [25], 420 
with piecewise definition of the steel’s plasticity based on the work of Rauch and Leslie [26]. 421 
The Cowper-Symonds model of strain-rate sensitivity takes the form of: 422 
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where σ is the true stress, σS is the quasi-static true yield stress,  is the true strain-rate, and 424 
C and p are the empirically determined Cowper-Symonds variables. The values of C and p 425 
were given as 6844/s and 3.91, respectively, based on the work of Abramowicz and Jones 426 
[27] for low carbon steels at moderate rates. Finally, the plastic true strain at failure was 427 
defined as 0.235 based upon the data provided by the manufacturer. 428 
Again, the FE mesh of the frame was developed in ANSYS Workbench using shell 429 
elements. A mesh convergence study was conducted utilising Belytschko-Tsay shell 430 
elements and stiffness based hourglass control, with an average mesh size of 9.50 mm found 431 
to appropriate for the impact study. The welds of the frame were represented using a 432 
generalised weld formulation to kinematically tie welded nodes together, with no weld 433 
failure define as it was not observed in the experimental impact testing. Self-contact within 434 
the frame was established, with the appropriate algorithm activated to ensure that edge to 435 
edge contact would be properly observed. 436 
The steel frame was mounted in place in the LDPE shell with a series of threaded bolts 437 
welded to the frame and attached to the wall of the LDPE shell. The threaded bolts were 438 
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represented in the computational model with Hughes-Liu beam elements using the 439 
previously described steel material model, and were linked to the frame by shared, incident 440 
nodes. The beam elements were subsequently kinematically tied to the LDPE shell used a 441 
tied node algorithm.  442 
4.3. Water ballast SPH model 443 
It was decided that the water ballast would be modelled using the SPH method, as a 444 
adequately described SPH field would be able to represent the propagation of shock waves 445 
through the ballast in addition to the effects of its inertial mass, while not suffering from the 446 
usual concerns associated with using SPH (i.e. weak boundary conditions of the SPH field) 447 
owing to the field’s encapsulation in the LDPE shell.  448 
Based upon its successful implementation in a number of impact studies [28] [29] [30], 449 
it was decided to use the Mie-Grüneisen equation of state (EOS) in the definition of the water 450 
ballast. In compression, the Mie-Grüneisen EOS takes the form of:  451 
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with,  453 
V
VV 0−
=µ  (3) 454 
where V is the current specific volume, V0 is the initial reference specific volume and E is the 455 
initial reference specific internal energy. and C, S1, S2, S3, γ0 and a are constants relating to 456 
the shock-velocity response of the fluid, and ρo is the initial density of the fluid [31].  The 457 
values for the Mie-Grüneisen EOS are taken from Boyd et al. [32] and are listed in Table 3. 458 
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Table 3  Material constants of water for the Mie-Grüneisen 
equation of state (Boyd et al., 2000) 
Constant Value Constant Value Constant Value 
C 1484 m/s S2 0.0 γ0 0.11 
S1 1.979 S3 0.0 a 3.0 
      
A null material formulation was used in the definition of the water ballast model, with a 459 
density of 1000 kg/m3 and a dynamic viscosity of 1.002 Pa.s. The fluid particle with 460 
renormalisation formulation was utilised as the particle approximation theory, in addition to 461 
ensuring that the SPH field domain was evenly decomposed across the CPUs used in the 462 
solving of the simulation, reducing the required solve times. A convergence study was 463 
conducted on the average pitch distance in the SPH field, not only to ensure that the 464 
simulation was computationally verified, but also to arrive at an efficient simulation. Due to 465 
the volume of water in the experimental impact test (i.e. 475 litres), the bulk of the 466 
computational solving time was committed to calculating the behaviour of the SPH field. As 467 
such it was pertinent that the resolution of the SPH field be minimised while ensuring the 468 
stability and accuracy of the simulated behaviour. It was decided to use an average particle 469 
spacing of 30 mm. Soft constraint penalty formulation contact algorithms were utilised to 470 
define the interaction between the SPH field and the LDPE shell and steel frame FE models. 471 
The SPH field was developed such that no individual particle would be within the initial SPH 472 
smoothing length (i.e. 30 mm) of a FE shell element at the initial state.  473 
4.4. Polymeric Foam Panel FE Model 474 
Owing to its successful use by Reid and Bielenberg [33] in modelling the impact 475 
performance of polymeric foams installed in racetrack barriers, the Fu-Chang [34] material 476 
model was chosen to represent the constitutive behaviour of the PU foam. The Fu-Chang 477 
model separates the compressive strain response of the material into separate linear and non-478 
linear sections, with the non-linear strain a function of the current stress and a state function 479 
representing the stress history. This format allows the formulation to accurately represent the 480 
three distinct phases of polymeric foam compression (initial linear, plateau and densification 481 
regions, respectively), the rate sensitivity and hysteric unloading behaviour. 482 
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The implementation of the Fu-Chang formulation within LS-DYNA features the 483 
capacity to curve-fit stress-strain profiles of the foam at various rates, as to internally 484 
determine the numerous parameters of the constitutive equations. To be able to successfully 485 
developed the Fu-Chang material model, it was necessary to conduct a series of uniaxial 486 
compression tests on the PU foam at quasi-static to moderate strain rates (i.e. 3.00/s). Foam 487 
samples 75 x 100 x 100 mm were prepared, compressed at rates from 1 to 150 mm/s (i.e. 488 
strain rates of 0.02 to 3.00/s) using MTS 810 universal testing machine. Force and 489 
displacement measurements were recorded and utilised to develop the stress-strain profiles 490 
seen in Fig. 15. Similar tests were conducted on extruded polystyrene (XPS) foam, so that a 491 
material model could also be developed for XPS foam (n.b. in Fig. 15 the plot labelled 492 
“Average” is an average result of numerous tests conducted at quasi-static rates less than 493 
0.02/s). 494 
 495 
Fig. 15  Stress-strain profile for PU (left) and XPS (right) foams at low to moderate 496 
strain rates 497 
The compressive response of the PU and XPS foams seems to clearly delineate between 498 
quasi-static and low-rate responses. The plateau stress of the quasi-static response for both 499 
PU and XPS foams are noticeably below the response when the compression rate is between 500 
0.13 and 3.00/s. It is also noted that while the moderate rate PU foam responses are 501 
essentially identical, the response of the XPS foam at the higher rates varies, with 502 
densification region (i.e. beyond 0.6 strain) showing a propensity to have a greater stress 503 
response at higher strain-rates.  504 
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The stress-strain profiles were entered in the model, such that LS-DYNA would 505 
internally determine the necessary constitutive parameters, with the unloading parameters 506 
empirically determined to minimise error associated with loading and unloading process 507 
(Table 4). The experimental compression tests were simulated using LS-DYNA in order to 508 
validate the developed material models, with computational energy absorption values (Table 509 
4) and force-displacement profiles (Fig. 16) correlating well with experimentally determined 510 
results.  511 
 
Table 4  Experimental and computational specific energy absorption (SEA) of PU and 
XPS foams in compression tests 
Foam Strain Rate (1/s) 
Loading Unloading 
Experimental 
SEA (kJ/kg) 
Computational 
SEA (kJ/kg) 
Experimental 
SEA (kJ/kg) 
Computational 
SEA (kJ/kg) 
PU 3.00 8.15 8.17 6.20 6.23 
XPS
 
2.00 13.37 13.36 8.13 7.71 
 512 
Fig. 16  Comparison of experimental and finite element PU foam material models 513 
The FE mesh of the panel was developed, with the LDPE shell of the panel modelled 514 
using Belytschko-Tsay elements of the same construction as described in Section 4.1.A 515 
single integration point solid element model with visco-stiffness hourglass control applied 516 
and a mesh size of 12 mm was used for the foam model. To combat element instabilities at 517 
high compressive strain, an interior contact algorithm was applied to prevent element 518 
degeneration. The contact between the LDPE shell of the panel and the foam itself was 519 
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represented with the exterior nodes of the foam being kinematically tied and offset from to 520 
the associated elements of the LDPE shell using a softened penalty contact formulation 521 
present within LS-DYNA (i.e. *CONTACT_TIED_NODES_TO_SURFACE_OFFSET). 522 
To attach the panel to the barrier, a series of deformable rod elements were introduced 523 
onto the steel frame FE model to represent the bolts used to fix the panels in the experimental 524 
setup. The foam panel model was subsequently kinematically linked to the end nodes of the 525 
rod elements, within penalty based contact established between the LDPE of the panel and 526 
the LDPE shell of the barrier.  527 
5. Validation of the coupled FE/SPH model 528 
5.1. Conception of the validation simulation 529 
In order to assess the validity of the developed coupled FE/SPH model of the PWFB, it 530 
was necessary to develop simulations which accurately represented the setup and boundary 531 
conditions of the experimental surrogate impact testing procedure previously described. As 532 
detailed in Table 1, the testing schedule featured four separate tests where the main variation 533 
was the design of the PWFB (n.b. the impact velocity also varied between tests). 534 
 535 
Fig. 17  Model of impact Test S-4 used in the validation of the coupled FE/SPH model 536 
(n.b. LDPE shell is transparent, and LDPE shell of third foam panel – in yellow – is hidden) 537 
Utilising the four computational models of the PWFB parts described in the previous 538 
section, the models were assembled to represent the PWFB specimens used in experimental 539 
testing, with the model for Test S-4 presented in Fig. 17. A FE model of the impact head was 540 
also created using shell elements and was defined to be rigid. The motion of the impact head 541 
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FE model was restricted to the single translational degree of freedom and the velocity 542 
specified for each test as per Table 1. The mass of the impact head model was defined to be 543 
300 kg (i.e. the total mass of the impact cart in the experimental tests). A soft penalty based 544 
contact was also established between the head and the LDPE shell (and PU foam filled panel 545 
for Test S-4).  546 
The floor and the supporting angled lintel were represented using fixed, solid element 547 
parts, with the geometry of the lintel model equal to the face of the physical lintel, with both 548 
parts using rigid material models. Again, soft contacts algorithms were established between 549 
the PWFB and the floor and lintel, with the friction coefficients between the LDPE shell and 550 
the concrete ground defined (0.309 and 0.69 for the static and kinematic coefficients, 551 
respectively).   552 
5.2. Assessment of the model’s response 553 
A number of metrics were used in the assessment of the coupled FE/SPH model’s 554 
validity in comparison with the detailed experimental result. Comparison of the 555 
computational and experimental contact force time history (Fz) (Fig. 18) was used as the 556 
principal method of assessing the model’s validity.  557 
In addition to the time history of Fz, several other metrics were used to assess the 558 
model’s capability to accurately represent the PWFB’s structural characteristics during 559 
impact, namely energy absorbed by the barrier (Eb), the peak value of Fz (Fmax) and the time 560 
duration of the impact (td).  561 
5.3. Comparison of simulated and experimental results 562 
Fig. 18 shows excellent correlation between the computationally and experimentally 563 
determined time histories of Fz for each Test. Overall, there is very good agreement between 564 
the computational and  experimental plots, indicated The most notable disparity between the 565 
results occurs between times 0.05 and 0.07 seconds after initial impact for Test S-1. It is 566 
noted that in the experimental testing, the signal of the accelerometer mounted to the impact 567 
cart used to determine the acceleration (and ultimately Fz) was saturated during the period 568 
0.05~0.07 seconds after impact, leading to signal clipping and loss of measurement accuracy 569 
during this period. This saturation occurred as a result of the impact head coming into 570 
essentially direct contact with the supporting lintel, leading to a high deceleration of the cart 571 
and inducing vibrations in the cart’s frame. As noted in Section 3.1, the clipping of the raw 572 
signal implies that the value of Fz after 0.05 seconds is not necessarily instructive of the 573 
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actual contact force. The same physical behaviour of the impact head and of the LDPE shell 574 
was present in the FE simulation. 575 
 576 
577 
 578 
Fig. 18  Plots of experimental (red) and simulated (black) impact test force-time 579 
histories for Tests S-1, S-2, S-3 and S-4 (as labelled) 580 
It is however noted that in the first 0.05 seconds of the impact in Test S-1, there is very 581 
good correlation of Fz, in addition to the error found in Eb being within the acceptable range. 582 
These results, along with  the qualitative assessment of the barrier’s deformation, is found to 583 
be a demonstration of the validity of the LDPE shell FE model to represent the structural 584 
response of the LDPE shell in Test S-1.  585 
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Table 5  Comparison of experimentally (exp) and computationally (comp) determined 
impact metrics for Tests S-1, S-2, S-3 and S-4. 
Test 
Identifier 
Total absorbed energy (kJ) Peak force (kN) Impact duration (s) 
Exp  Comp Exp Comp Exp Comp 
S-1 5.67 5.53 130.9 166.5 0.069 0.110 
S-2 6.56 6.89 91.1 88.2 0.118 0.119 
S-3
 
6.84 7.04 53.5 54.6 0.126 0.123 
S-4 7.09 7.00 42.0 39.8 0.132 0.134 
 586 
The computationally determined time history of Fz for Test S-2 (Fig. 18) is found to 587 
have excellent correlation with the experimentally calculated plot. With the rigid contact 588 
between the impact head and the supporting lintel eliminated due to the increased reaction 589 
force from the internal steel frame, the localised peaks in of Fz are well represented (both 590 
temporally and in terms of magnitude). The error percentages found in the metrics of Eb, Fmax 591 
and td (Table 5) are all within the acceptable range, having been unaffected by the overly stiff 592 
contact featured in Test S-1. Taken in conjunction with the outcomes of the simulation of 593 
Test S-1, these metrics serve to demonstrate the accuracy and validity of the FE model of the 594 
internal steel frame. 595 
 596 
Fig. 19  Buckling of the central transverse members (yellow) during Test S-3 at time 597 
0.02 seconds  598 
28 
 
The Fz plot of Fig. 18 for Test S-3 shows a very good confluence between the 599 
experimental and the simulated time histories. The simulated maximum leads the 600 
experimental value by approximately 0.006 seconds, though the accuracy of the td metric 601 
shows the overall duration of the impact to be well represented. A qualitative comparison of 602 
the permanent damage of the PWFB specimen (Fig. 9) and the simulated barrier (Fig. 19) 603 
found that the general form of the damage was correct (i.e. buckling of the central, transverse 604 
member of the steel frame and collapse of the central LDPE section).  605 
For Test S-4, the peaks of the simulated Fz plot slightly led the experimental peaks 606 
(0.005 seconds), though the computed td had an error of less than 1.45%.  Instantaneous peak 607 
force was 5.26% lower, with total absorbed energy being nearly identical (Table 5). Taken 608 
together, this may suggest that the PU foam model may have a slightly overly stiff response 609 
compared to the experimental behaviour at the strain rates experienced, though these 610 
relatively minor error are considered acceptable for the purposes of this study. 611 
With this, it can be stated that the developed coupled FE/SPH computational model of 612 
the PWFB, as well as its constituent conceptual and mathematical models, is valid for use in 613 
representing the barrier’s impact response. 614 
6. Parametric investigation of foam efficacy 615 
Utilising the validated coupled FE/SPH model presented in the previous section, a 616 
parametric study was conducted to investigate the efficacy of polymeric foams in PWFBs, 617 
the relative performance of PU and XPS foams and the effect of the amount of foam on the 618 
barrier’s impact behaviour.  619 
In order to exam the effect of the polymeric foam more fully, a slightly altered version 620 
of the PWFB thus far utilised in the study was developed (Fig. 20). Retaining the overall 621 
dimensions and design of the previous PWFB, the major alteration was to the longitudinal 622 
face, with a recess introduced. Into this recess a larger foam filled panel could be introduced, 623 
removing the need for mounting via external bolts. Polymeric foam filled LDPE panels had a 624 
depth (or thickness) of 42 mm and were installed on the front (impact) and back (lintel) side 625 
of the barrier. The coupled FE/SPH model of the new barrier design was constructed using 626 
all of the processes and numerical methods described in the previous section. An internal 627 
steel frame of similar design was retained and the LDPE was filled with 530 kg of water. 628 
629 
Fig. 20  Image of the barrier design utilised in the parametric study, with the foam panel 630 
inserted – though slightly ajar from631 
The parametric study utilised an impact setup identical to the one described in the 632 
previous section with the exception that the supporting lintel was offset to produce a gap of 633 
100 mm between the rear surface of the barrier and the lintel. This was introduced to allow 634 
for the inertial characteristics of the barrier to influence the impact response. An identical 635 
impact head was utilised, and was setup to have an initial velocity of 8.00 m/s636 
kinetic energy).  637 
The force-time history (Fz), travel times638 
a nominal impactor velocity (NIV639 
evaluating the efficacy and influence of the foam panels640 
of the OIV metric of Report 350 [2] and MASH [3] and was defined as the linear velocity of 641 
the impactor when it had travelled a distance of 200 mm after initial impact. 642 
between initial contact and the barrier impacting the supporting lintel defined to be the travel 643 
time ti.  644 
6.1. Comparative foam study 645 
To examine the efficacy on the polymeric foam filled panels, an in646 
conducted with four simulations, with variations made to the foam panel used in each 647 
simulation (Table 5). The study was design648 
panel and the polymeric foam fillings on the impact response of the649 
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Table 5  Details of panel design in 
comparative foam panel study 
Simulation A B C D 
Removable 
exterior 
panel 
 ✔ ✔ ✔ 
Polymeric 
foam 
filling 
N/A None PU XPS 
 650 
 651 
Fig. 21  Plots of force-time history for comparative foam study – labelled as per Table 5 652 
 653 
Fig. 22  Cutaway profile views of simulation B at key times after initial impact 654 
The first peak of the Fz plot (Fig. 21) is associated with the initiation full-body 655 
translation of the barrier (time 0.013 sec, Fig. 22), with the secondary peak occurring when 656 
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impactor’s velocity coming to zero (time 0.048 sec, Fig. 22). As the barrier translates 657 
towards the supporting lintel, the Fz plot decreases. The transition from decreasing to 658 
increasing Fz occurs when the barrier begins to contact the supporting lintel (time 0.048 sec, 659 
Fig. 22).  660 
The plots of Fz have two local maxima for all barrier designs, with the foam filled panels 661 
having significantly higher peaks (58.9 and 62.6 kN for simulations C and D, respectively) 662 
than the other designs (42.7 and 51.6 kN for simulation A and B, respectively), also reflected 663 
in the amax values for the study (Table 6) . As the barriers with the foam filled panels require 664 
greater impact loads to initiate barrier translation, more of the impactor’s kinetic energy 665 
absorbed before translation begins. This indicates that the foam filled panels could 666 
potentially be utilised reduce the effective working width of PWFBs; a significant issue 667 
amongst contemporary PWFB devices [14]. This effect is also observe in the reading of the 668 
NIV values, with the foam filled panels significantly reducing metric’s value from a 669 
maximum of 4.07 m/s to a minimum of 1.99 m/s. The lower value of NIV for simulation D 670 
indicates that the XPS foam may be a more functional material than the PU foam in this 671 
capacity.  672 
 
Table 6  Impact metrics for comparative 
foam panel study 
 Simulation 
Metric A B C D 
NIV 
(m/s) 4.07 4.28 3.21 1.99 
ti 
(sec) 0.0257 0.0327 0.0295 0.0272 
amax 
(m/s2) 142.5 172.2 196.3 208.8 
From these results it can be inferred that externally mounted, polymeric foam filled 673 
panels can have a significant on a PWFB’s impact performance, with XPS foam having a 674 
greater effect on the impact behaviour than PU foam. 675 
6.2. Effect of foam panel thickness 676 
Utilising the same setup and evaluation metrics presented in the previous section, a 677 
parametric study was performed to examine the effect the thickness of the foam filled panel 678 
on the barrier’s impact performance. In this study five coupled FE/SPH simulations were 679 
developed, with the foam filled panel’s depth (or thickness) varied for each simulation 680 
32 
 
(thickness values of 24, 32, 40, 48 and 56 mm, respectively). The LDPE barrier shell was 681 
altered accordingly to accept the varied thicknesses of the panels, with the water ballast kept 682 
at 530 kg. As per the findings of the comparative study, only XPS was utilised in this study 683 
as it was more effective than PU foam.  684 
685 
 686 
Fig. 23  Plots of NIV, td and amax for simulated XPS foam panel thickness 687 
As shown in the plot of NIV against foam thickness (Fig. 23), there is an almost linear 688 
relationship between the NIV metric and foam thickness (with a R2 value of 0.986). This is 689 
partly due to the increased value of amax (Fig. 23). For all barrier designs simulated, the peak 690 
deceleration (amax) occurs as the barrier begins to experience full body translation; the 691 
increased amax value for greater foam thicknesses is combined adjoined with higher 692 
deceleration rates experienced during the subsequent barrier translation. The ti value is 693 
relatively stable at 0.0275 seconds for foam thicknesses between 40 and 56 mm, though 694 
narrow panels experience shorter duration impacts. This is due to the higher impactor 695 
velocity during the transiting of the barrier at lower foam thicknesses.  696 
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From this study it can be seen that an increased thickness of the foam filled panel may 697 
significantly reduce the velocity of the barrier as it translates after initial impact. This is 698 
indicative of the potential for XPS foam filled panels to reduce the working width of PWFBs. 699 
7. Conclusion 700 
The design investigation of a typical PWFB system augmented with externally mounted 701 
polymeric foam filled panels utilising experimental impact techniques in combination with a 702 
validated coupled FE/SPH model of the PWFB system was presented.  703 
A pneumatically powered, horizontal impact testing system was used to characterise the 704 
behaviour of a typical PWFB design augmented with externally mounted, polymeric foam 705 
filled panels. Tests were conducted with the impactor striking the PWFB perpendicularly; 706 
with impact energies up to 7.40 kJ. Multiple tests were conducted as the design of the PWFB 707 
could be iteratively altered so that the effects of the individual components could be 708 
characterised. The results of the experimental impact tests demonstrated the importance of 709 
the internal steel frame in providing the requisite stiffness to the structure during impact. The 710 
water ballast was shown to greatly reduce the peak loads experience by the impactor, with 711 
the externally mounted foam filled panels absorbing a significant amount of the kinetic 712 
energy. 713 
A computational model of the PWFB was developed with FE models for the LDPE 714 
shell, internal steel frame and polymeric foam filled panel couple with a SPH field 715 
representing the water ballast. Experimental tests were conducted on the PU and XPS foams 716 
and LDPE in order to produce accurate material model for use in the couple model of the 717 
PWFB system. Explicit simulations of the experimental impact tests were produced for use 718 
in LS-DYNA, with the simulation results achieving sufficient correlation with the 719 
experimental data to ensure validity.  720 
The validated, coupled FE/SPH model of the PWFB barrier system was subsequently 721 
utilised as the basis for the development of a parametric study into the efficacy of polymeric 722 
foams as integrated parts of a PWFB barrier. It was found that polymeric foams have a 723 
positive effect on the impact response of PWFB, with XPS foam having a greater 724 
effectiveness than PU foam. Subsequently, an increased foam panel thickness was 725 
demonstrated to greatly reduce impacting body’s velocity during barrier transit. This is 726 
potentially indicative of this system potentially to reduce the effective working width of 727 
PWFBs in real life installation. 728 
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Further work is required to be conducted for clearer conclusion to be made regarding the 729 
effectiveness of polymeric foams in alleviating some of the undesired behaviours of PWFBs, 730 
including studies of a full installation of PWFBs with foam filled panels and oblique impacts. 731 
Also further investigation should be taken to examine the viability of utilising a structural 732 
impact head in the experimental surrogate impact testing which more accurately represent the 733 
structural crush characteristics of impacting vehicles.  734 
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